The c-Abl tyrosine kinase and its transforming variants have been implicated in tumorigenesis and in many important cellular processes. c-Abl is localized in the nucleus and the cytoplasm, where it plays distinct roles. The effects of c-Abl are mediated by multiple protein-protein and protein-DNA interactions and its tyrosine kinase domain. At the biochemical level, the mechanism of c-Abl kinase activation and the identification of its target proteins and cellular machineries have in part been solved. However, the phenotypic outcomes of these molecular events remained in large elusive. c-Abl has been shown to regulate the cell cycle and to induce under certain conditions cell growth arrest and apoptosis. In this respect the interaction of c-Abl with p53 and p73 has attracted particular attention. Recent findings have implicated c-Abl in an ionizing irradiation signaling pathway that elicits apoptosis. In this pathway p73 is an important immediate downstream effector. Here I review the current knowledge about these nuclear processes in which c-Abl is engaged and discuss some of their possible implications on cell physiology. Cell Death and Differentiation (2000) 7, 10 ± 16.
c-Abl structure and subcellular localization
The proto-oncoprotein c-Abl is a 140 kDa member of the Src family of non-receptor tyrosine kinases. c-Abl was originally identified as the cellular homolog of the v-Abl oncogene of the Abelson murine leukemia virus and has now been cloned from human, mouse, Drosophila, and nematode. In animal cells cAbl is ubiquitous but with different subcellular localization. In fibroblasts it resides predominantly in the nucleus while in primary haematopoietic cells and neurons c-Abl is more cytoplasmic. In sharp contrast, all the transforming Abl variants are exclusively cytoplasmic. The cellular subcellular localization of c-Abl is controlled by NLSs (nuclear localization signals) and an NES (nuclear export signal). This pattern of cellular distribution of c-Abl hints at its possible involvement in multiple molecular pathways, and indeed various nuclear and cytoplasmic functions have been attributed to c-Abl (reviewed in 1 ). Cellular processes involving the nuclear c-Abl will be discussed below.
Some of the functional domains of c-Abl have been characterized ( Figure 1 ). Common features to this family are the myristoylation site (found at the N terminus of the alternatively spliced human Ib and mouse IV transcripts), the tyrosine kinase domain with substrate specificity, 2 the Src homology 2 (SH2) and 3 (SH3), both regulating c-Abl activity by mediating discriminate protein-protein interactions. 3, 4 The SH3 domain of c-Abl is approximately 50 amino-acids in length, and preferentially interacts with proline rich regions containing the PxxP motif. 5, 6 This domain determines the interaction of c-Abl with many proteins, such as the Abi family of proteins, 7, 8 Pag/MSP23, 9 ATM, 10,11 SHPTP1 12 and RFX1. 13 The SH2 domain, about 100 amino acids long, interacts with tyrosine phosphorylated residues. Although various SH2 domains mediate phosphotyrosine dependent protein-protein interactions, each has distinct binding requirements. 14 c-Abl is characterized by its long C-terminal tail. Genetically, this tail is crucial for c-Abl function, and mice homozygous for a C-terminally truncated c-Abl (abl m1 mice) share most of the phenotypic defects of c-Abl null mice. 15, 16 This region contains three PxxP motifs, conferring interactions with SH3 containing proteins. The C-terminal tail also contains three NLSs and a single NES motif, a putative DNA-binding domain with three high mobility group-like domains 17, 18 and an actin binding domain. 19, 20 With all of these structural domains, c-Abl is likely to simultaneously participate in many processes by direct protein-protein interactions.
c-Abl kinase activation
The c-Abl kinase domain is highly regulated and mostly inactive in cells. 21, 22 The findings that deletions, mutations, or swapping of the SH3 domain often results in c-Abl kinase activation 23, 24 suggests that this domain inhibits c-Abl kinase activity. The SH3 domain might do so by either interaction with inhibitory proteins or an intramolecular inhibitory mechanism. The former suggests that kinase-inhibitory proteins bind the SH3 domain; however, out of a number of known SH3 binding proteins only a few (Pag/MSP23 and Aap1) inhibit c-Abl kinase activity. Interestingly, Pag/MSP23 also inhibits c-Abl kinase activity in an SH3 domain independent manner, possibly by direct interaction with the kinase domain. 9 In addition, Rb (the tumor suppressor retinoblastoma protein) inhibits c-Abl kinase activity by binding the ATP-binding lobe of the Abl kinase and not the SH3 domain. 25 Together these findings suggest that inhibiting the kinase activity is not an exclusive function of the SH3 domain. Furthermore, other SH3 binding proteins, such as Abi 1 and 2, are phosphorylated by c-Abl 7, 8 and are therefore unlikely to inhibit it. Also, the adaptor protein Crk 26 and the DNA-binding protein RFX1 13 support and even potentiate c-Abl kinase activity in vitro. These findings lend support to the possibility that the cAbl kinase domain is under repression by an intramolecular mechanism. This mechanism is not unique to c-Abl, as it has been demonstrated for both the Src and the Hck tyrosine kinases. 27, 28 In Src, the SH3 mediated intramolecular inhibition depends on a linker region of 31 amino-acids positioned between the SH2 and kinase domains. It is too early to conclude that c-Abl obeys the same rules, but it is noteworthy that a similar linker sequence is found in c-Abl ( Figure 1 ) and many other tyrosine kinases of the Src family (not shown). Furthermore, c-Abl point mutants at the conserved amino-acids of this linker region are more potent. 29 Thus, this mechanism of intramolecular kinase inhibition may be shared by other members of the Src family, including c-Abl.
When analyzing the response of c-Abl to ionizing radiation (IR), an additional mechanism for c-Abl activation was revealed. IR activates c-Abl kinase activity by several fold. 30 This activity is dependent on the activation of the ataxiatelangiectasia-mutated (atm) gene product. 11 Atm is a nuclear member of a family of phosphatidylinositiol-3-kinase like enzymes and binds the c-Abl SH3 domain. 10 Atm phosphorylates c-Abl at serine 465 when cells are exposed to IR. 11 As Atm and c-Abl constitutively interact, but c-Abl kinase activation is observed only after IR, c-Abl phosphorylation at serine 465, rather than their interaction, is likely to be responsible for c-Abl activation. A similar sequence of events was reported with regard to DNA-PK. 31 DNA-PK is a DNAdependent protein kinase, the product of the severe combined immunodeficiency (scid) gene. It constitutively interacts with c-Abl and, upon IR, phosphorylates and activates c-Abl. A point of interest is the fact that in mismatch repair deficient cells c-Abl is not activated by genotoxic stress, 32, 33 indicating that there are additional effectors in this process.
c-Abl: DNA-binding and transcription
The large C-terminal segment of c-Abl contains a DNAbinding domain that is a composition of three repeated regions, each displaying sequence similarity with the high mobility group 1-like boxes. 18 This region binds cooperatively to the A/T-rich oligonucleotides; however, by using CASTing experiments, others have found a different consensus binding site. 34 It has been proposed that the c-Abl-DNA interaction mainly involves contacts within the minor groove of the double helix, reminiscent of those of the high-mobility group. The cAbl DNA-binding domain interacts with deformed DNA structures such as four-way junctions and bubble DNA containing a large single-stranded loop, 34 suggesting a role not only in transcription but also in recombination and DNA repair.
A role for c-Abl in transcription has been proposed, but no direct cellular target genes have been identified. The hepatitis B virus (HBV) enhancer contains the EP element, which generates a nucleo-protein complex containing cAbl 35, 36 and RFX1. 37 An EP-like box is found in the enhancers of other viruses, such as polyoma and the lentivirus EIAV. 38 Interestingly, the EP associated c-Abl is catalytically active in tyrosine phosphorylation. 36 c-Abl can generate complexes with other DNA binding proteins. For example, c-Abl binds p53 in vitro and enhances p53-dependent transcription from a promoter containing p53 DNA binding sites. An Abl mutant which no longer binds p53 does not enhance p53 transcriptional activity and fails to suppress growth. 39 Also, Abi-1 and 2, the c-Abl binding proteins, have a putative DNA binding domain. 7, 8 Thus, cAbl is likely to be associated with different DNA-binding proteins and to target many DNA cis elements.
The role of c-Abl in transcription once targeted to DNA is an open question. One model argues that c-Abl phosphorylates the carboxyl-terminal domain (CTD) of the largest subunit of RNA polymerase II. 40, 41 Phosphorylation of serine and threonine residues of the CTD occurs during formation of the initiation complex and is correlated with the transition from complex assembly to elongation. It was therefore suggested that tyrosine phosphorylation of the CTD by c-Abl might have a similar role. 42, 43 However, CTD phosphorylation by c-Abl is not crucial for transcription, since Abl 7/7 cells are viable. 18 The sequence of the linker region in comparison with that of the Src gene is shown. The known NLS (nuclear localization signal) and NES (nuclear export signal) motifs, all found at the c-tail region, are indicated c-Abl and DNA transactions DNA replication, recombination and repair, collectively termed DNA transactions, play a fundamental role in balancing between genomic stability and diversity. A large number of effectors, enzymes and auxiliary proteins are involved, and a few studies have suggested a role for c-Abl in this process. Rad51, converting DNA double-strand breaks to recombinational intermediates, interacts with and is phosphorylated by c-Abl. 44 It has been suggested that the IR signaling pathway that includes Atm and c-Abl, is required for modifying Rad51 to be assembled in a repair protein complex. 45 Also, direct interaction was demonstrated between c-Abl and DNA-PK. 31 The latter plays an essential role in DNA recombination. Furthermore, the facts that some genotoxic stresses do not activate c-Abl in DNA mismatch repair deficient cells, 32, 33 and that IR does not activate c-Abl in Atm deficient cells, 10 strongly argue for c-Abl being a downstream effector in a signaling pathway induced by DNA-damaging agents, which targets some of the components of the DNA transaction machineries.
As detailed above, the c-Abl DNA-binding domain shows sequence similarity to HMG proteins. It also recognizes deformed DNA structures such as four-way junctions, 34 like other HMG-domain proteins. Interestingly, HMG1 also specifically recognizes the DNA intrastrand crosslinks formed by the DNA-damaging agent cisplatin. 46 ,47 c-Abl, therefore, might have the same activity, and may thus be recruited directly to cisplatin modified DNA regions. This attractive possibility, although not proven, might provide an alternative pathway for c-Abl activation by this genotoxic drug.
c-Abl and G1 arrest
The cell cycle is under surveillance control mechanisms that check to ensure proper completion of early events and genome integrity before progression. These mechanisms are referred to as cell cycle checkpoints and can generate a transient delay, referred to as arrest, which allows DNA transactions to occur before progressing to the next phase of the cycle. The tumor suppressor p53 is a checkpoint protein halting the cell cycle upon DNA damage induced by either ultraviolet radiation, g-irradiation (IR) or radiomimetic chemicals. In this signaling pathway Atm was suggested to act upstream of p53, since cells defective in the atm gene have a delayed and attenuated p53 response to IR. 48 An additional important player in this signaling cascade is p21, whose expression is directly regulated by p53. p21 binds to a number of cyclin and Cdk complexes and inhibits the Cdk kinase activity, and hence cell progression is blocked.
Based on several observations, it has been proposed that c-Abl, with an intact kinase domain, may be involved in the G1/S checkpoint. Cells expressing a c-Abl kinase mutant and c-Abl nullizygous fibroblasts are impaired in their ability to downregulate Cdk2 or undergo G1 arrest in response to IR. 49, 50 Also, overexpression of wt c-Abl, which often gives rise to an activated kinase, inhibits cell growth and leads to G1 arrest. 39, 51, 52 In addition it has been shown that cells expressing antisense Abl RNA, hence assumed to have a lower amount of endogenous c-Abl, show shorter G1/S transition. 53 However, the suggested role of c-Abl in the G1/S checkpoint is inconsistent with the reports that the Abl 7/7 fibroblasts do not exhibit defects in the IR-induced cell cycle checkpoint 54 and that the G1/S checkpoint is intact in Abl 7/7 Arg 7/7 3T3 cell lines. 55 At the moment we do not know the reasons for this discrepancy. It seems that c-Abl is not a crucial effector of the G1/S checkpoint; however, it might be important under certain and limited physiological conditions.
The mechanisms of G1 arrest by c-Abl are not known, and several models have been proposed (Figure 2) . A few studies suggest a role for p53 in this process. 39, 52 This proposal is based on the findings that c-Abl binds p53 both in vitro 39 and in co-immunoprecipitation from cell extracts. 49 In the latter case low constitutive levels of c-Abl/p53 complexes were identified which were induced upon cell exposure to DNA damaging stress, a behaviour that attributes functional significance to this complex. In accordance with this model, a c-Abl mutant devoid of the p53 binding site failed to induce growth arrest. This model argues that the c-Abl-p53 complex is localized downstream to Atm but upstream to p21 in the DNA damage signaling pathway that leads to G1 arrest. Indeed, c-Abl costimulates the transcription function of p53 to enhance expression of the target gene p21. 39 However, detailed analysis has led to the unexpected conclusion that c-Abl's checkpoint role is p21 independent. 50 Thus, the downstream effector remains undefined. An alternative and rather indirect role for c-Abl in G1 arrest became evident from the finding that c-Abl can regulate the p53 level by supporting its accumulation, possibly by inhibiting Mdm2-mediated degradation of p53. 56 In this case, however, it is expected that the induced G1 arrest would be p21 dependent.
The requirement for the Abl kinase activity to induce growth arrest points to the involvement of a c-Abl substrate, yet p53 is not detectably tyrosine phosphorylated. In this regard it is interesting to note that p73, a member of the p53 gene family, directly interacts with c-Abl but, unlike p53, is phosphorylated by c-Abl. 57, 58 Whether p73 elicits G1-arrest upon c-Abl activation remains to be determined. The fact that p73 can induce p21 expression 58, 59 is consistent with this possibility.
c-Abl has also been proposed to play a role in cell cycle progression via interaction with Rb. 25 Rb is a nuclear protein regulating cell cycle progression and is a substrate of cyclin-dependent kinases (Cdk4 and 6), the key regulators of G1-S progression. A fraction of c-Abl in G1 phase is complexed with the underphosphorylated Rb. The C-terminal pocket of Rb binds the ATP-binding lobe of the c-Abl kinase domain and inhibits its kinase activity. The Rb/ c-Abl complex is disrupted in late-G1/early-S-phase as a result of Rb hyperphosphorylation by the cyclin-D/cdk4/6 kinase. According to this model, the`free' and active c-Abl fraction can promote S1 phase progression, possibly by supporting transcription of S-phase genes. 60 However, this model does not explain if and how c-Abl selectively targets the S-phase genes. Also, as the c-Abl SH3 domain is essential for proper c-Abl nuclear activities, its role in context of the c-Abl-Rb interaction has not been clarified. In any case, since c-Abl 7/7 fibroblasts display no defect in
Cell Death and Differentiation c-Abl nuclear functions Y Shaul cell cycle progression, this molecular pathway might be relevant under extreme physiological conditions, as exemplified by over production of Rb. 61 Recent advances in the study of cell cycle checkpoints in yeast have shed a new light on the possible role of c-Abl in the cell cycle. In S. cerevisiae DNA replication-block and damage induce the expression of over 20 genes. 62 The best studied are the RNR genes, encoding ribonucleotide reductase (reviewed in 63 ). The expression of these genes is regulated by Crt1, a DNA-binding protein that binds their promoters and represses transcription by recruiting the general repressors Ssn6 and Tup1. 64 In response to DNA damage and replication block the yeast Atm homolog, Mec1 is activated, which sequentially activates the Rad53 and Dun1 protein kinases. The latter phosphorylates Crt1, which dissociates from DNA, resulting in derepression of the RNR gene. Interestingly, CRT1 is the orthologoue (a gene homologus in both structure and function) of the human RFX1 protein and displays the same DNA-binding sequence specificity. 64 RFX1 interacts with the c-Abl SH3 domain and stimulates c-Abl kinase activity. 13 A limited number of RFX1 target genes have so far been identified, and the products of most of them are involved in DNA replication and repair. These include c-MYC, PCNA and the DNA-repair gene XRCC1. Furthermore, similar to Crt1, RFX1 has been shown to sustain repression activity. Thus, it is possible that RFX1 has a Crt1-like function in animal cells to regulate the transcription of replication-block and DNA damage-inducible genes (Figure 2) . Since both the upstream effector (Atm) and the downstream DNAbinding protein (RFX1) are conserved from yeast to humans, a pathway analogous to that described in yeast may exist in animal cells. According to this model genotoxic stress activates Atm which in turn activates c-Abl, which targets RFX1 to regulate the expression of the DNA damage inducible genes.
c-Abl and apoptosis
Apoptosis is an essential process in the development of multicellular organisms, in the maintenance of tissue homoestasis and in responding to stress. Molecular pathways have been identified that transmit signals via proteinprotein interactions and/or protein covalent modifications such as phosphorylation, leading to apoptosis. Several observations have implicated c-Abl in this process. Dorsch and Goff have shown that B-cell lines from abl m1 mice exhibit increased sensitivity to apoptosis induced either by deprivation of growth factors or by glucocorticoid treatment. 66 This finding suggests that c-Abl modulates apoptosis, and that under the employed conditions c-Abl has an antiapoptotic effect. However, the alternative possibility that the c-terminal truncated c-Abl, that is produced by abl m1 mice, is a gain of function mutant with proapoptotic activity was not ruled out. In contrast, others have provided evidence in support of c-Abl proapoptotic activity. 57,58,67 ± 70 Yuan and coworkers have demonstrated that cells null for c-Abl are impaired in the apoptotic response to IR. 67 They further showed that cells stably expressing the inactive c-Abl kinase mutant exhibit resistance to IR-induced loss of clonogenic survival and apoptosis. These findings attribute a dominant negative role to the c-Abl kinase mutant in an IR signaling pathway that leads to apoptosis, and therefore suggests that the c-Abl kinase domain plays a pro-apoptotic role.
A known player in DNA damage induced apoptosis is p53, which accumulates following g-irradiation, cisplatin treatment and UV radiation. Importantly, c-Abl is activated by the two former DNA-damaging agents but not by UV radiation. Therefore, it is unlikely that p53 is involved in the c-Abl induced apoptosis pathway. Also, c-Abl induces apoptosis in both p53-nullizygous cells and p53 positive cells in the presence of E6, a viral protein that facilitates p53 degradation. 67 These findings, therefore, do not agree with the possibility that p53 is the downstream c-Abl target in the IR-induced apoptotic pathway. In sharp contrast, over production of p73 together with c-Abl is sufficient to induce apoptosis in fibroblasts. 57, 58 p73 is a member of the p53 family with similar transcriptional activation, DNA binding, and oligomerization domains. 71 Like p53, p73 can induce apoptosis in a variety of cell lines and support transcription from promoters containing a p53-response element. 71, 72 Unlike p53, p73 is a tyrosine phosphoprotein and its level of phosphorylation is induced by IR. 57, 58 p73 and c-Abl are in association via a PxxP motif and the SH3 domain, respectively. 57 Furthermore, c-Abl phosphorylates p73 both in vitro and in vivo. 57, 58 Several observations support the possibility that this relationship between the proteins determines their proapoptotic function under genotoxic stress. First, p73 is tyrosine phosphorylated in vivo in response to IR, under conditions whereby c-Abl is activated. Second, the ability of c-Abl to phosphorylate p73 is markedly increased by g-irradiation. 57 Third, disruption of the c-Abl-p73 interaction results in a failure to induce apoptosis by IR. 57, 58 Finally, a p73 mutant at tyrosine 99 (Y 99 -F), the site that is phosphorylated by c-Abl, behaves as a dominant negative mutant and blocks the apoptotic response to IR 58 (and our unpublished data). Interestingly, collaboration between p73 and c-Abl in inducing apoptosis was also observed by others but with different molecular outcomes. According to this model the half-life of p73 is prolonged by cisplatin treatment, and the accumulated p73 induces apoptosis. 69 An interesting question is how activated or accumulated p73 induces apoptosis. The most intriguing model suggests that some of the p73 targets are apoptotic genes. Although the nature of these genes remains elusive, the capacity of the wt p73, but not a mutant that cannot be phosphorylated by c-Abl, to super-induce the transcription of the p21 gene, 58 may support this hypothesis. Also, the finding that a p73 mutant in the DNA-binding domain displays no apoptotic activity in Saos-2 cells, 72 is in accordance with this model. However, the finding that a p73-PxxP mutant is active in transcription activation but not in apoptosis, argues that transcription activation might be required, but not sufficient, in mediating apoptosis. 57 Interestingly, a similar mechanism was proposed for p53. p53 contains a proline rich domain between the activation and the DNA-binding domains which is dispensable for transcriptional activation but important for inhibition of cell growth and apoptosis (reviewed in 73 ). It is, therefore, possible that some of the p53 and p73 target genes, which play a role in cell growth and apoptosis, are activated in a proline rich domaindependent manner. 74 An alternative possibility is that the immediate downstream effector of p73 might be an SH2 containing protein that interacts specifically with the tyrosine residue phosphorylated by c-Abl. A nuclear protein with these attributes has not yet been reported. Given the fact that c-Abl-p73 dependent cell death occurs in multiple cell lines, the p73 downstream target should be a ubiquitous protein. Furthermore, as c-Abl is conserved down to Nematode, 75 and a p73 homolog was found in Squid, 71 it is possible that this apoptotic pathway is ubiquitous and preserved throughout evolution.
The nature of the upstream effectors in activating this IRinduced apoptotic pathway is better understood. Radiationinduced c-Abl kinase activity is decreased in cells from AT patients; 58 this finding positions c-Abl downstream of Atm ( Figure 2 ). As IR-induced tyrosine phosphorylation of p73 is also decreased in AT cells, it is very likely that p73 is the cAbl downstream effector in this signaling pathway. However, c-Abl-dependent p73 accumulation under cisplatin is not seen in cells unable to carry out mismatch repair. Therefore, mismatch repair must be a component of this signaling pathway, but its upstream-downstream relationship with respect to Atm is yet an open question.
Conclusions and future perspective
The intensive investigation of the many roles of c-Abl has been in part rewarding. We know better how c-Abl is activated, although we badly need the missing 3D structural analysis. We can also predict under which conditions c-Abl is in its active form; however, what exactly the activated c-Abl is programmed to do is still an open question. The identification of the many proteins that interact with c-Abl has helped to implicate c-Abl in the different cellular machineries, but what c-Abl in fact does there is not yet clear. It is becoming more evident that c-Abl plays a role in cell growth and death via interactions with a few key tumor suppressor proteins. Furthermore, c-Abl generates contact with DNA in different contexts. The involvment of c-Abl in DNA transactions is of particular interest, but we need more evidence for its actual role in these processes. A point of concern is that c-Abl null cells do not always fulfill the predictions made from studies that employed overexpression and c-Abl dominant negative. One possible complication emerges from the fact that nuclear c-Abl might have different and even opposite manifestations than the cytoplasmic fraction. Furthermore, the employed cAbl mutants change their cellular localization and therefore introduce more confusion in the field.
Based on genetic and evolutionary studies the role of cAbl in development should be further investigated, particularly with respect to the development of the central nervous system. Although in large part this activity is performed by the cytoplasmic c-Abl fraction, and hence not covered in this review, we have a good reason to consider the contribution of nuclear events.
This assumption emerges from the recent findings of physical and functional interaction of c-Abl with p73, the latter being a nuclear protein which, like c-Abl, plays an important role in neuronal development. We can easily address this interesting possibility in the near future by employing the relevant null mice to generate the required crosses.
